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MOLYBDENUM-SULPHUR BOND-STRENGTH BOND-LENGTH 
RELATIONSHIPS 

J. C. J .  BART?$ 

Department of Metallurgy and Science of Materials, 
University of Oxford, Parks Road, Oxford OX1 3PH (U.K.) 

and 

V. RAGAINI 

Istituto di Chimicu Fisicu, Universifu di Milano, Via Golgi 19, Milano (Italy) 

(Receired March 5, 1 Y 79) 

Em irical parameters (d, and N )  are given for the equation s = (d/d,)-” relating the molybdenum-sulphur bond length 
(d, 1) and its bond strength (s, valence units) for the cation in the formal oxidation states from + 3  to +6, using struc- 
tural data from 61 compounds with 82 different (S), (O,S), (N,S) and (O,N,S) ligand sets. Parameter values (d, ,w are: 
2.320,6.6; 2.224,5.6 or 2.251,4.6; 2.201,5.0 and 2.167,5.8 for sulphur bonding to Mo(VI), Mo(V), Mo(1V) and Mo(III), 
respectively 

INTRODUCTION 

Molybdenum sulphides, thiomolybdates and chel- 
ate complexes with sulphur ligands are of interest 
for general considerations of metal-sulphur bond- 
ing and electron delocalization. Whereas the metal 
complexes are being studied mainly in relation to 
their biological activity,’ many of the other com- 
pounds find wide and diverse applications in 
industry and chemical technology, as lubricants, 
pigments and semiconducting and thermoelectric 
materials2 To this is to be added that molybdenum 
compounds are also practically used as catalysts for 
various chemical processes, as ammoxidation, dis- 
proportionation, naphtha reforming, etc. Catalytic 
activity is brought about by the molybdenum 
atom having incomplete inner shells. As a result 
of the ease of transfer from one valency state to 
another, molybdenum may function either as a 
donor or as an acceptor of electrons. 

The significant attention that molybdenum 
chemistry has received has prompted a number of 
molecular structural investigations using X-ray 
diffraction techniques. In turn, the results of these 

t Ramsay Memorial Fellow. 
4 Permanent address: Montedison “G.  Donegani” Research 

Laboratories, Via G. Fauser 4, Novara (Italy). 

studies provide impetus for further considerations. 
The character of the chemical bond, structure, 
valence state and distribution of electron density 
in the bonds are main directions for theoretical 
investigation, requiring detailed knowledge of the 
molecular structure. The abundance of literature 
dealing with molybdenum-sulphur complexes also 
calls for a systematic examination of their struc- 
tures with a view towards establishing empirical 
bond-strength (s) bond-length (d )  relations of 
the Mo-S bonds, especially in relation to the 
existence of molybdenum-ligand .n-bonding. This 
paper, therefore, will focus on deriving such 
relationships for molybdenum complexes con- 
taining sulphur ligands. It is noticed that pre- 
viously defined parameter sets for the s =f(d) 
expressions of cation-sulphur bonds are limited to 
Fe.3 On the other hand, molybdenum-anion 
bonding has recently been examined extensively 
for oxygen and n i t r~gen .~ ,  

RESULTS AND DISCUSSION 

Analytical bond-strength bond-length relations 
are usually expressed in the non-linear form 
s = ( d / d J N ,  where dl and N are empirical values 
subject to PaulingV constraint that the cation 
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162 J. C. J. BART A N D  V. RAGAINI 

valence is calculated by summation of s over all 
the bonds formed by the cation. From an examina- 
tion of all-oxygen molybdenum coordination 
spheres it appears in a first approximation that 
the expression s = (d/1.882)-6.0 is applicable to 
all Mo-0 bonds, independently of the valence 
state of the cation., The relations s = (d/1.950)- 5 .75  

and s = (~i/1.893)-~.' have been reported for 
Mo(V1)-N and Mo(V)-N bonds, re~pectively.~ 

Structural data concerning the regular molyb- 
denum-sulphur coordination spheres of Table I 
lead to the following reference values from which 
bond-strength bond-length curves may be ob- 
tained : (compound, Mo oxidation state, bond 
length (A), bond strength (v.u.)); MoS,(C,N,H,,), 
(NH,),MoS, and CuNH,MoS,, VI, 2.183(6), 1.5; 
Mo(S,C,H,),, VI, 2.33(2), 1.0 (however, vide 
infra); 

[Mo(S2CNEt2)412(Mo60,9) 
and Mo(S,CNEt,),Cl, V, 2.516 (5), 0.625; 
(Ph,As),[Mo(mnt),], IV, 2.374 (4), 0.667; 
Mo(S2CNEt2),, Mo(S,CMe), and Mo(S,CPh),, 
IV, 2.518 (3), 0.50. Additional reference points are 
derived from Table 2 after allowance for the oxygen 
contribution to the total valence sum: Cs,MoOS,, 

(l), 0.675; MoO(S,CNPr",), IV, 2.413 (2), 0.48; 
VI, 2.178 (5), 1.54; M o , O ~ ( S ~ C N E ~ , ) ~ ,  V, 2.455 

Mo,(S,COEt), . 2C,H,O, II,2.478 (l), 0.48. Com- 
parison of structural data for Mo,04.  (L-histi- 
dine), . 3  H,O (Table I of Ref. 5) with 

Mo2S20, . (L-histidine), . 14H,O 

(Table IV), of 

Na2Mo,0,[SCH,CH(NH,)C02]2 . 5  H,O 

with 

N~,Mo,S,O~[SCH,CH(NH~)CO~]~ .2H,O 

and of Mo~O,[SCH,CH(NH,)COOE~]~ with 
Mo2S202[SCH2CH(NH2)COOMe]2 suggests 
that Mo(V)-S = 2.322 A corresponds to 
Mo(V)-0 = 1.928 A (or 0.87 v.u.) The initially 
obtained parameter sets based on these data were 
refined by minimizing the discrepancies of the 
calculated valence sum and formal oxidation 
states using all available structural results (Tables 
I-IV). The Mo(II1)-S parameters were derived 
by variation of the Mo(1V) data. The following 
Mo-S bond-strength bond-length equations s = 
( d / d J N  were then found: (dl, N ,  Mo valence 
state); 2.320, 6.6, VI; 2.251, 4.6 or 2.224, 5.6, V; 
2.201, 5.0, IV and 2.167, 5.8, 111. Mo(I1)-S 
parameters were not defined due to lack of suf- 
ficient reference data. Scarcity of reliable all- 
sulphur Mo(V) coordinations leads to a high 

TABLE I 

Bond-strengths and bond-lengths in molybdenum-sulphur coordination spheres 

HoS4(C4N2H121 

(NH4 I 2140S4 

cuNH4nos4 

(n 

no(s2c6ti4~3 

no(s2c2H2r 

~-no2s4(s2m"2~12 

no(S2CNEt2I4C1 

In0ts,~~t,i~I,(n0~0~~ 

n- Lno2s4 (s2c2H4~ 21 
(NSt41 

.__ anti -Cno2S4(S2C2H4 I 21 
(Nlt412 

(Ph4As,2iFlo(mnt~31 

HoS (rhombohadral, 

2. 166,2.171,2. 19?,2.199 

2. 171,2. 17?(2x),2.186 

2.19(4x) 

2.141 (2x) .2.247(2xl 2.9?0(11 

2. %0(2xI,2.)70(2x) $2. ?71(2xJ 

2. H~XI 
1.9~5,2.304,2.309,2.445,2.446 2.601(21 
l.gj9,2.3C4,2.?10,2.442,2.452 2.801 (21 

2.516,2.525,2.526.2.5~(2~l,2.544,2- 546,2.549 - 
2.479,2.469,2.492,2.494,2.497,2.~,2.511,2.516 - 
2.069,2.313,2. )22,2.403.2.407 2.663(21 
2.112,2. 320,2.~23,2.406,2.407 2.06521 

2.129,2.296,2.344,2.38?, 2.414 2.876( 2) 

4.0 4.11(21 

4.0 4.W(-l 

0.007 

0.005 

0.03 

0.001 

0.002 

0.02 

0.004 
0.004 

0.005 

0.005 

0.003 
0.00j 

0.003 

0.004 

n. d. 
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Mo-S BOND-STRENGTH BOND-LENGTH CURVES 

CoHo2S4 

Ga Ho2S4 

ko(S20i(S2CNEt2J2 l2 
& 

n02.06s3 

A1 Mo2S4 

no 9 

pb0.92M06s7. 5 

NiMo3S4 

a 

3 4  

n.d. 4.0 

4.0 

4.0 

4.0 

4.0 

n. d. 3.0 

2.04(-) 3.0 

2.757(11 3.0 
2.757(1) 3.0 

2.85-3.22(2J 2.91 
2.87-3.22(2) 2.91 

2.09(-) 2.80 

2.698-3.0848 2.67 

2.572-2.737()) 2.19 

2.691-2.765(4 2.0 

0.06 

0.004 

0.002 

0.001 

0.003 

0.010 
0.010 
0.010 
0.010 

n. d. 

n. d. 

0.003 
0.003 

0.04 
0.04 

a. d. 

n. d. 

0.009 

n.d. 

' I  Bu", n-butyl; dtc, N,N-diethyldithiocarbamate; Et, ethyl; Me. methyl; mnt, maleonitriledithiol; Ph, phenyl. 
Calculated with the following parameter sets (d1 and N of s = (d /d, ) - " ) :  2.320, 6.6 (VI); 2.251, 4.6 (V); 2.201, 5.0 (IV); 2.167, 5.8 

In valence units. Standard deviations were estimated for the shortest d-value of the set. 
In Angstrom units. 

" Tetrahedron. 
Trigonal prism. 

Y Square pyramid. 
Dodecahedron. 

I D, symmetry. Trigonal compression is midway between values for octahedron and trigonal prism. 
Square antiprism. 
' Mo, clusters. 
Octahedron. 

"I Ref. 21. 
I' Ref. 22. 
'I Ref. 23. 

C. K. Prout and J.-C. Daran, Acra Cryst., B34, 3586 (1978). 
Ref. 10. 
Ref. 25. 
Ref. 20. 
C. D. Garner, N. C. Howlader, F. E. Mabbs, A. T. McPhail, R. W. Miller, and K. D.  Onan, J .  C. S. Dalton, 1582 (1978). 

" Ref. 14. 
" Ref. 11. 
*. F. Jellinek, G.  Brauer, and H.  Muller, Nature, 185, 376 (1960). 

(111). 

R. G. Dickinson and L. Pauling, J .  Am. Chem. Soc., 45, 1466 (1923). 
W. P. Bosman and A. Nieuwpoort, Inorg. Chem., 15,775 (1976). 
' G. Dessy, V. Fares, and L. Scaramuzza, Acta Crysr., B34, 3066 (1978). 

M. Bonamico, G.  Dessy, V. Fares, and L. Scaramuzza, J. C. S. Dalton, 2079 (1975). 
hh J. G.  M. van der Aalsvoort and P. T. Beurskens, Crysr. Srrrrct. Comm., 3, 653 (1974). 
cc J. Guillevic, J.-Y. Le Marouille, and D. Grandjean, Acta Cryst., 830, 111 (1974). 
dd  K. Anzenhofer and J. J. de Boer, Acta Cryst., B25, 1419 (1969). 
"" J. M. Vandenberg and D. Brasen, J .  Solid State Chem., 14,203 (1975). 
IJ Ref. 15. 
88 R. de Jonge, T. J. A. Popma, G.  A. Wiegers, and F. Jellinek, J .  Solid Sture Chem., 2, 188 (1970). 
h h  R. Chevrel, M. Sergent, and J. Prigent, Mat. Res. Bull., 9, 1487 (1974). 
ji M. Marezio, P. D. Dernier, J .  P. Remeika, E. Corenzwit, and B. T. Matthias, Mat. Res. Bull., 8, 657 (1973). 
' I  Ref. 34. 
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164 J. C. J. BART A N D  V. RAGAINI 

TABLE I1 

Bond strengths and bond-lengths in molybdenum-oxygen and -sulphur coordination spheres 

conpoune Bond distancss(2) 
h - 0  no-s 

1.667 

1.70,2.31 

1.634(2~) 

1.695,1.6% 

1.785 

1.647,1.86) 

1.644,1.851 
1.649,1.872 

1-68?, 1.844 

2.354,2.~0,2.450,2.50s.2.522,2.663 

2.?88(4XJ. 2.5) 

2.443(2xi .2.629(2xi 

2.446.2.457,2.621.2.681 

2.176.2.179(2x) 

2.442,2.497,2.9+7. 2.801 

2.458.2.503.2.530,2.690 
2.469,2.9,2.540,2.715 

2.'+68.2.510.2.565,2.694 

1.666.1.870 2.440,2.491,2.515.2.669 
~ 6 7 6 ~ 1 . 8 5 6  2.440,2.491.2.5%.2.687 

m o o  [ S , P ( ~ - C ~ ~ O ~ ~ I ~ I ~ O  1.639,1.862 2.457,~. 515.2.528 .2. 832 

Uo20,(SPhr2(S2CNEt2J2 1.683.2.006 2.452,2.487,2.501,2.702 2.68%2J 
1.683,2.015 2.441,2.465,2.505.2.673 2.683(21 

~ - ~ ~ 0 2 0 2 S 2 [ S 2 C 2 ~ C N ~ 2 ~ ~ ~ 8 u 4 ~ ) 2  1.661 2.292,2.PJ02.43J.2.444 2.821 (2, 

n0204(s2CNEt212 1 . 6 ~ ~  1 .940b)  2.447,2.457 2.58oc 1) 

1.666 2.294,2.299,2.425.2.435 2.821t2r 

Mo20,S(S2CNPr2~J2 1.665,1.927 2.=:[2,45(2~)).1 2.673(31 

1.680,1.940.1.943 2.456.2.459 2.580(1, 

UoO(S2CNPr2ZJ2 1.664 2.410.2.412,2.413,2.418 

h2(S2WEt j4. 2C4Hg0 2.795 2.475,2.477.2.479.2.480 2.125(1) 

6.0 

6.0 

6.0 

6.0 

6.0 

5.0 

5.0 
5.0 

5.0 

5.0 
5.0 

5.0 

5.0 
5.0 

5.0 
5.0 

5.0 

5.0 
5.0 

4.0 

2.0 

6.41(101 0.013 

6.4(28J 0.04 

6.97(18) 0.025 

5.%(3) 0.- 

5.92(5) 0.010 

5.15-5.06i11) 0.013 

5.27-5.17(28) 0.033 
5.11-5.05(28) 0.033 

4.92-4.92(9) 0.013 

5.1 l+W( 10) 0.01) 
5.04-5.03( 10) 0.013 

5.78-5.07(13) 0.015 

4.61-4.68(6) 0.- 
4.64-4.73(6) 0.W 

4.99-4.97(6) 0.07 
4.97-4.%(6) 0.007 

[4.93l-c5aX8)aoi? 

4.82-4.64(2) 0.002 
4.78-4.61(2) 0.002 

4.61(6J QOOB 

n.d. 0.001 

U - 

Bu", ti-butyl; Et, ethyl; Pr', isopropyl; Pr", n-propyl. 
Calculated with the following parameter sets (d, , N) of the equation .Y = (d /d , )  -,': Mo-0 (1.882, 6.0); Mo(V1)-S (2.320, 6.6); 

Mo(1V)-S (2.201, 5.0). For Mo(V) coordinations the following sets were used: Mo(V)-0 (1.882, 6.0), Mo(V)-S (2.224, 5.6) and 
Mo(V)-0 (1.859, 5.0), Mo(V)-S (2.251,4.6), respectively. 

In valence units. Standard deviations were estimated for the shortest d-value of the set. 
E.s.d. of dMo-o in Angstrom units. 

Octahedron. 
Tetrahedron. 
Square pyramid. 
The Mo:+ binuclear unit is coordinated a t  eight sites. These may be considered to be a t  the corners of eclipsed squares whose 

Data assumed by comparison with Mo2S,(S2CNBu;), (Ref. 20). 

'' Pentagonal bipyramid. 

centers are occupied by the metal ions. 

' Ref. 15. 
' Ref. 16. 

A. Kopwillem, Actu Chem. Scund., 26,2941 (1972). 
L. Ricard, J. Estienne, P. Karagiannidis, P. Toledano, J. Fischer, A. Mitschler, and R. Weiss, J .  Coord. Chem., 3, 277 (1974). 

" Ref. 24. 
J. R. Knox and C. K. Prout, Actu Cryst., B25, 2281 (1969). 
Ref. 33. 

" J. A. Zubieta and G. B. Maniloff, Inorg. Nucl. Chem. Lctt., 12, 121 (1976). 
' Z .  G.  Aliev, L. 0. Atovmyan, V. V. Tkachev, J .  Struct. Chem., 16,646 (1975). 
K. Yamanouchi, J. H. Enemark, J. W. McDonald, and W. E. Newton, J .  Am. Chem. Soc., 99, 3529 (1977). 
J. I. Gelder and J. H. Enemark, Inorg. Chem., 15, 1839 (1976). 

L. Ricard, C. Martin, R. Wiest, and R. Weiss, Inorg. Chem., 14, 2300 (1975). 
L. Ricard, P. Karagiannidis, and R. Weiss, Inorg. Chem., 12, 2179 (1973). 

" Ref. 27. 
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MOPS BOND-STRENGTH BOND-LENGTH CURVES 165 

TABLE 111 

Bond-strengths and bond-lengths in molyhdenurn-nitrogen and -sulphur coordination spheres 

1.618 

1.632 
1.6L6 

2.140,2.1L7 

1.715 

1.131 

1.743 

1.132 

2.001.2.009 

2.503.2.5 1 1.2.5 15.2.536.2.5bl J.85  1 

2.b&,2,L87,2.b91,2.5OT,2.509.2.6kT 
2. L87.2. L95.2.496.2. 498.2.504 .z .7bo 
2.b90.2.501.2.517,2.526.2.531.2.532 

2.18,2.50(3~).2.51.2.55 

2.L63.2.501.2. 51 3.2.528.2.529.2.568 

2.491,2.L96,2.502.2.525.2.5~~,2.60b 

*2.55& ( 5x).2.60L 

2.316.2.392 J . b 7 3 ( 2 x )  

6.0 

not rim 
not g i n  
not # i n n  

6.0 

L .O ,3.0.2 .O 

h.0.3.0 

4.0 

5.0 

6.07(10) 0.011 

6.29( -) n.d. 
6.07(-1 a*&. 
3.07+11.WJ' n.d. 

5.32(10) 0.016 

5.1T(L) o.wa 

5.06(5) 0.01 

5.13(2) 0.005 

2.b6+[ 1.50$ 0.002 

I' Bun, iz-butyl; dtc, NJ"dimethy1dithiocarbamate; Et, ethyl: Me, methyl; Ph, phenyl. 
Calculated according to the following (d,, N )  parameter sets of the expression s = ( d / d L ) - N :  Mo(V1)-N, 1.950, 5.75; Mo(V)-N, 

In valence units. Standard deviations were estimated for the shortest d-value of the set. 
E.s.d. of dM,,--N in Angstrom units. 

1.893, 5.1; Mo(VI)-S, 2.320, 6.6: Mo(V)-S. 2.251,4.6; Mo(IV)-S, 2.201, 5.0. 

'' Pentagonal bipyramid. ' Dodecahedron. 

" M. W. Bishop, J .  Chatt, J. R. Dilworth, M. B. Hursthouse, and M. Motevalli, Proceedin,ys o f t h e  Climax Second Intrrnational 
C O J ~ / ~ W J I W  OJT rhe Chenzistrg and Uses of Mo!ybdenum, 1976, Oxford, p. 252 (Eds. P. C. H. Mitchell and A. Seaman); and private com- 
munication Dr. J. R. Dilworth (1978). 

Octahedron with trigonal prismatic distortion. 

F. C. March, R. Mason, and K. M. Thomas, J .  Oryanomcr. Chem., 96, C43 (1975). 

G.  Butler, J.  Chatt, W. Hussain, and G. J. Leigh, Inorq. Chim. A m ,  30, L287 (1978). 
'T. F. Brennan and 1. Bernal, Inory. Chirn. Acta 7,  283 (1973). 

' K. Yamanouchi and J .  H. Enemark, h o r y .  Chiwz., 17, 1981 (1978). 
'I' Estimated sMo~ contribution. 

interdependency of the Mo-S s-d relation on the 
values used for Mo(V)-0. In fact, it turns out 
that a combination of (dl, N )  sets for Mo(V)-0 
and Mo(V)-S of (1.882, 6.0) and (2.224, 5.6) is 
equivalent to the use of (1.859, 5.0) and (2.251, 
4.6) respectively (qf: Table 11). Once more confi- 
dence is gained in Mo-S bond-strength bond- 
length relationships, following up new data con- 
cerning regular all-sulphur coordination spheres, 
the mixed (0, S )  molybdenum coordinations can 
eventually be used to revise the Mo-0 parameter 
sets for the reduced cation. Indeed, such correc- 
tions are expected. For example, on the basis of the 
(1.882, 6.0) parameter set for Mo(V1)-0 the cal- 
culated valence sums for Mo(I1)-0 bonds always 
slightly exceed the nominal value of 2.0 V.U. by 
about 0.12 V.U. if account is taken of the contribu- 
tion of the more distant anions coaxial with the 
Mo-Mo bond. (Table 1 of Ref. 4). It has been 
argued by Pyatenko' that such anions which are 
not significantly screened by the closest anions 

are to be included in the coordination sphere of the 
cation as otherwise a considerable part of the 
valence forces of the cation is omitted. This is in 
accordance with our experience that secondary 
bonding effects need to be considered to properly 
account for the valence balance of ?-type cations.8 

A detailed examination of the results shows that 
the proposed parameter sets essentially well ac- 
count for the formal oxidation states in a great 
variety of structures with different ligand sets, 
stereogeometries, valence states, coordination num- 
bers, and including quadruply, triply, doubly or 
singly bridged 0x0, nitrido or sulphido dimeric 
structures, complexes with terminal, bridging and 
complex atoms or with one to three terminal 
atoms (usually oxygen), either in the presence or 
absence of cation-cation interaction (metal-metal 
bonding). The average deviation from the ideal 
valence values in Table I is 3.7%, usually better 
than 2.6 %, although there are individual devia- 
tions up to about 12% in some structures. Similar 
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TABLE IV 

Bond-strengths and bond-lengths in Mo(0 ,  N,  S) coordination spheres 

compoun& Bond distance8 t i )  
M-0 M-N lb-6 M-bb n l m c e  state mit 

M203( oxine)2(SCli2CE20) 1.693,1.9L3.2.02 1.2.201 2.20 1 2 . W  2.628(1) 5.0 1.76(L) 0.005 ( M b S &  h 
1.693.1.930.2.039.2.118 2.209 2 . W  2.628(1) 5.0 L.l8(bl 0.005 ( 

Na2M201 (SCH2CH(NH2 )C02 12. 5H20 1.706,1.915.1.9b6.2.295 2.260 2. b90 2.569(2) 5.0 1.77(10) 0.015 (Woob& i 
1.112.1.901.1.95b,2.295 2.200 2.b91 2.569(2) 5.0 b.78(10) 0.015 ( 

C O ~ ( ~ ~ S ~ O ~  .EDT*) .zn20 1.683.2. ioz.z.izo 2.U8 2.289.2.298 2.799(11 5.0 1.91(1) 0.006 M3S2& i 
1.669,1.919,1.92k 
1.657.1.924.1.951 

2.2L1 
2.197 

2.393 
2.318 

5.0 
5.0 

4.90(151 0.018 ( M 3 S d  
b.96(151 0.018 ( 

L 

~-np2s202(scn2cn(m2 2n20 1.69.2.38 2.31 2.30,2.3b,2.51 2.&0(3) 5.0 b.60(18)0.025 (M,Sp A 

(M2S202(L-histidin.)2). 1jH20 1.686.2.213 2.2k5.2.257 2.314,2.?23 2.&8(1) 5.0 L.12(5) 0.006 (M2S2BZE 

1.55.2.35 2.22 2.)2,2.37,2.b8 2:&0(3) 5.0 5.9k(35) 0.025 ( 

1.666 .2.2Ok 2.231.2.272 2.331.2,3k? 2.&8(1) 5.0 L.81(5) 0.006 ( 

1.613.1.853 2.185.2.305 2.433.2.b83 5.0 5.11(3) 0.00L Woo282122 p 

1.650 
1.179 

2.23 
2.2L 

5.0 
5.0 

b.99(25) 0.03 lboey 
C. lO( 15) 0.03 

r. 
~~ 

" EDTA. ethylenediaminetetraacetate; Et, ethyl: Me, methyl; oxine. 8-hydroxyquinoline: Ph, phenyl. 
' Calculated according to the following ( d , ,  N )  parameter of the expression s = (d /d, ) - " :  Mo-0 (1.882,6.0), Mo-N (1.893, 

' In valence units. Standard deviations were estimated for the shortest d-value of the set. 

' Octahedron. ' Trigonal bipyramid. 

S.l), Mo-S (2.224, 5.6). 

E.s.d. of dM+, on Angstrom units. 

Square pyramid. 
Ref. 28. 

' Ref. 32. 
j B. Spivack and Z. Dori, J. C. S. Dalton, 1173 (1973). 
' Ref. 31. 
' D. H. Brown and J. A. D. Jeffreys, J. C. S. Dalton, 732 (1973). 

'I F. A. Cotton, P. F. Fanwick and J. W. Fitch, Iriorg. Chem., 17, 3254 (1978). 
' I  M. W. Bishop, J. Chatt, J. R. Dilworth, G. Kaufman, S. Kim, and J. A. Zubieta, J.C.S. Chem. Conzm., 70 (1977). 
p M. W. Bishop, J. Chatt, J. R. Dilworth, K. Venkatasubramanian, and J. A. Zubieta, unpubl. results. 
4 M. W. Bishop, J. Chatt, J. R. Dilworth, M.  B. Hursthouse, and M.  Motevalli, Proceedin.9~ of the Climux Second International 

' Ref. 30. 

B. Spivack and Z. Dori, J. C. S. Dalton, 1077 (1975). 

Conference on the Chemistry and Uses  of'Molybdentim, Oxford, 1976, p. 252 (Eds. P. C. H. Mitchell and A. Seaman). 

figures for Tables 11, I11 and IV are (4.0,2.7, 15 %), 
(2.6, 2.1, 673,  and (5.7, 3.4, 18%), respectively. 
Part of the discrepancies is due to uncertainties 
in the bond-length values, as indicated by the errors 
given for the bond-strength sums. Account should 
be taken of the fact that although many interatomic 
distances are quoted with standard errors of 
0.005A or less, systematic errors are usually 
larger ; therefore, the true standard errors are 
higher than the values quoted. This obviously 
would improve the agreement between the bond- 
strength sums and the valence. It has been pro- 
posedg that second-nearest neighbours might ac- 

count for some of the additional deviations. 
It is of interest to examine evidence for genuine 

effects in the observed discrepancies. The main 
departures from ideal values in Table I concern 
[Mo(S,O)(S,CNEt,),], , Ga,Mo,S, and especi- 
ally Mo(S,C,H,), and the [Mo~S,(S,C~H,)~]~-  
anions. The mean Mo-S distance in MO(S,C,H4)3 
(2.367(6) A) has been recognized by Cowie and 
Bennett" as being long and more similar to 
bond lengths in [MoS,C,(CN)~-].'' Tris(dithi0- 
lene) and related structures are known for their 
oxidation state problem.'2* l 3  In these structures 
the formal charge on the metal appears to de- 
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pend strongly upon the electron withdrawing 
ability of the ligand (cJ: Mo(S,C,H,), and 
Mo(S,C,H,),). The poor calculated datum for 
Mo(S2C6H,), is thus eventually rationalised. Simi- 
lar oxomolybdenum complexes have been dis- 
cussed elsewhere., Reported bond data for the 
Mo(V) complexes [Mo~S,(S,C,H,)~](NE~~), and 
Mo,S,(S,CNBu;)), suggest a considerable dif- 
ference in total bond valence (about 1 v.u.), mainly 
due to the (terminal) Mo-S, bond lengths. Con- 
sequently, this appears to cast doubt on the pro- 
posed oxidation state of the metal in the 1,2- 
dimercaptoethanatomolybdate anion although 
other (unspecified) factors cannot be quite ex- 
cluded. ’, 

As to the results of Table 11, it is noticed that the 
parameter values defined in this paper establish the 
(V1)-valent state for the cation in the product 
Mo(S,C,H,), , VI, 2.33(2), 1.0 (however, vide infra); 
from reaction of MoO,(S,CNPr,), and H,S. 
Similarly, the problem of the oxidation state of 
another compound containing S, groups as lig- 
ands, namely Cs,[MoO(S,),(COSCO,)], is 
settled.’, Poor fits in Tables I1 and IV relate to 

MoO,(S,CNEt,), , MoO(S,CNPr;), , 

Na2Mo,S20,[SCH,CH(NH,)CO2], .2H,O 

and Mo2S20,[SCH,CH(NH,)C0OMe],. As to 
MoO,(S,CNEt,),, the present calculation, the 
anomaly in its cis-MOO, structure’ and the quite 
normal behaviour of the Pr”-analogue (Table 2) 
allow to discard this complex. Structural data for 
the latter two compounds reveal pronounced and 
unexplained dissimilarities between apparently 
equivalent cations. As the deviations are in opposite 
directions no common effect can be invoked. It 
appears that the Mo-0 lengths of about 1.65 8, 
would be more genuine values for these structures. 
The other discrepancies and the overall low cal- 
culated bond valence sums of Table IV, which 
generally fall short by about 3.4%, may be partly 
on account of the use of the bond-strength bond- 
length relationships beyond the experimentally 
verified ranges. 

Published information on the oxidation state 
of many molybdenum complexes is extremely con- 
tradictory. Several examples have already been 
given above; others concern the thio-oxine (quin- 
oline-8-thiol) complexes’8 and further cases are 

amongst the (N, S) ligand sets (Table 111). Clearly, 
the latter contain several well-defined structural 
types, such as pentagonal bipyramidal coordina- 
tions with average bond lengths of Mo-N 1.632 A, 
Mo-S 2.504 (5x)-2.758, and Mo-N 1.7308,, 
Mo-S 2.506 (5x)-2.58 A and dodecahedra1 en- 
vironments with Mo-N 2.143 8, (2x), Mo-S 
2.516A (6x). In all cases the trans effect of the 
Mo-N bond length on the axial Mo-S bond is 
quite pronounced. Calculated bond valence sums 
for the pentagonal bipyramidal structures in- 
dicate oxidation states of VI and V, whereas the 
dodecahedron is best in accordance with the IV 
valent state of the cation. The same holds for the 
octahedral structure Mo(NHC,H,S),(S,CNEt,). 
In fact, although no parameter set has been derived 
for Mo(1V)-N bonds, it is quite reasonable to 
attribute bond valences of about 0.5 and 0.75 V.U. 
to such Mo-N bond lengths of about 2.14 and 
2.00 8, (cf. Table 111). It should be mentioned here 
that although molybdenum is fairly unequivocally 
in the VI oxidation state in MoN(S,CNEt,),, 
electrochemical and XPS measurements appear to 
be more consistent with Mo(IV).” 

From a survey of Tables I-IV it appears that 
a terminal sulphur atom is observed only in 
Mo,S,(S,CNBu;) ,” where the Mo(V)-S bond 
length of 1.937(4) 1 corresponds to about 2.1 V.U. 
The Mo(V1)-S bonds in the tetrahedral com- 
plexes M O S , ( C ~ N ~ H ~ ~ ) , ~ ’  (NH,),MoS,,~’ 
CuNH,MoS, 2 3  and Cs,MoOS, 24 with an ex- 
perimentally observed average bond length of 
2.183(6) 8, (1.5 v.u.) are to be compared with 
1.7648, in molybdates8 It is noticed that the 
coordination chemistry of Mo(V1) is almost en- 
tirely that of 0x0-complexes and that nonoxo- 
complexes, such as MoS:-, are rare. In analogy 
to the case of oxomolybdenum (VI) configurations 
no undistorted octahedral sulphur coordination 
sphere around Mo(V1) has been found, if we dis- 
regard the rris (dithiolene) and related structures, 
such as Mo(S,C,H2), 2 5  and MO(S,C,H,), 26 for 
reasons mentioned above. 

The chemistry of Mo(V), like that of Mo(VI), is 
dominated by the presence of strong Mo-0 
bonding, leading to either one or two short Mo-0, 
distances. The 0x0 anion thus shows more pro- 
nounced n-donor qualities than sulphur ligands. 
However, unlike the Mo(V1)-state, where mono- 
meric and polymeric complexes are dominant, 
dimeric species play a major role in the Mo(V) 
state. The dinuclear compounds in Tables I, 11, 
and IV are bridged either by an 0x0 and sulphido 
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ligand27 or, more usually by two sulphido lig- 
ands; triply bridged structures also occur, e.g. 
Mo203(SCH2CH20)(oxine), 2 8  and 

(PYH13 . [Mo204(MeC0,)(NCS)41.29 
Although most of the dimeric compounds con- 
tain a single terminal Mo-0, linkage on each 
Mo, in case of Mo,S , [ (~-C~H,) ,~~C]~ 2o and 
[Mo2S,(SZCzH4),](NEt4), l 4  Mo,S;+-groupings 
have been observed, which are similar to the usual 
Mo,O~+-structure with sulphur replacing both 
the bridging and terminal oxygens. As there is 
considerable biological interest in Mo,(p-S), 
complexes it is worthwhile to consider the main 
bond valence parameters of this framework. The 
average Mo(V)-Mo(V) distance is 2.816 A, in- 
dicating a single metal-metal bond and the 
Mo(V)-S bond length of 2.312 8, corresponds to 
about 0.85 V.U. This value differs considerably from 
the estimate of Drew et aL30 who consider the 
Mo-S bond order in Mo,(p-S), to be 1.5, 
assuming Mo(V)-S single and double bonds of 
2.5 and 2.1 A, respectively. Comparable bond- 
strength values of 0.84 and 0.89 V.U. were found in 
case of (p-O), and (p-N),-bridged dimeric 
molybdenum complexes, re~pectively.~ The 
Mo(V)-0 and Mo(V)-S bond lengths of 
1.927(11) and 2.305(5) A in a Mo(p-0) (p-S)Mo 
bridgez7 are in line with these results. At variance 
to 0x0-complexes no linear Mo-S-Mo bridges 
have been observed. Compounds reported to 
contain formal Mo(V)-S single bonds are: 
Mo,O,(~ysteine)~(p-S)~,~~ 
M~,O,(cysteine),(p-O)~,~ 
Na2Mo,0,(cysteine)2(p--O)2 . 5  €320 3 2  

and 

M o , O ~ ( S ~ C O E ~ ) ~ ( ~ - - O ) ~  ' 
with bond lengths of 2.37-2.51 A. The present 
analysis attributes bond strengths of 0.75-0.55 V.U. 
to such Mo-S bonds. 

Complexes of Mo(IV) are mostly monomeric 
structures with regular coordination polyhedra. 
The average octahedral and dodecahedra1 bond 
lengths amount to 2.390 and 2.5 18 A, corresponding 
to 0.66 and 0.51 V.U. (calculated values). As may 
be seen from Tables I-IV, the Mo(II1) structural 
chemistry is scantily studied and mostly consists 
of sulphide structures, partly of intervalent nature. 
The molybdenum (11)-sulphur crystal chemistry 
is as poorly developed and consists of a cluster 

compound34 and a dimeric Mo:+ complex charac- 
terized by Mo-Mo bonding. 

All calculations were performed on the Oxford 
University ICL 1906A computer. 

ACKNOWLEDGEMENTS 

One of the authors (J.C.J.B.) acknowledges the award of a 
Netherlands Ramsay Memorial Fellowship. Thanks are due to 
the Department of Metallurgy and Science of Materials of 
Oxford University for kind hospitality and to Montedison 
S.p.A. for granting leave of absence. 

REFERENCES 

I .  

2. 
3. 

4. 

5. 
6. 
7. 

8. 

9. 

10. 
11. 
12. 
13. 
14. 
15. 

16. 

17. 
18. 

19. 
20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

R. J. P. Williams, The Biological Role of Molybdenum, 
Climax Molybdenum Co. Techn. Bull., London, 1978. 
E. Braithwaite, Chem. Ind., 405 (1978). 
J. T. Hoggins and H. Steinfink, Inoty. Chem., 15, 1682 
(1976). 
J. C. J. Bart and V. Ragaini, Zn0r.q. Chim. Acta, 36, 261 
(1979). 
J. C. J. Bart and V. Ragaini, Acta Cryst., in press. 
L. Pauling, J .  Am. Chem. Soc., 51, 1010 (1929). 
Yu. A. Pyatenko, Sou. Phys. Crystallogr., 17, 677 (1972); 
C.A. 77, 119242k. 
J. C. J. Bart and N.  Giordano, G a z .  C'him. Ital., 109, 73 
(1979). 
I. D. Brown and R. D. Shannon, Acra Cryst., A29, 266 
(1973). 
M. Cowieand M. J. Bennett, Inor,q. Chem., 15, 1584(1976). 
G. F. Brown and E. I. Stiefel, Inorg. Chem., 12,2140 (1973). 
J. A. McCleverty, Proyr. Inor,y. Chem., 10,49 (1968). 
E. I .  Stiefel, Progr. Znorg. Chem., 22, 1 (1977). 
G. Bunzey and J. H. Enemark, Inorg. Chem., 17,682 (1978). 
J. Dirand-Colin, M. Schappdcher, L. Ricard, and R. Weiss, 
Proceedings of the Climax Second International Conference 
on the Chemistry and Uses of Molybdenum, 1976, Oxford, 
p. 46 (Eds. P. C. H. Mitchell and A. Seaman). 
K. Mennemann and R. Mattes, An,qew. Chem., 89, 269 
(1977); Int. Ed., 16,260 (1977). 
F. A. Cotton, J .  Less Comm. Met., 36, 13 (1974). 
I. N.  Marov, V.  K. Belyaeva, Yu. N .  Dubrov, and A. N. 
Ermakov, Russ. J.  Inorg. Chem., 17, 515 (1972). 
J. R. Dilworth, private communication (1978). 
B. Spivack, Z. Dori, and E. I. Stiefel, Inorg. Nucl. Chem. 
Lett., 11, 501 (1975). 
P. A. Koz'min and 2. V. Popova, Zhur. Srrukt. Khim., 12, 
99 (1971). 
J. Lapasset, N. Chezeau, and P. Belougne, Acta Cryst. 
B32, 3087 (1976). 
W. P. Binnie, M. J. Redman, and W. J. Mallio, Inorg. Chem., 
9, 1449 (1970). 
B. Krebs, A. Muller, and E. Kindler, Z. NaturJ, 25b, 222 
(1970). 
A. E. Smith, G. N. Schrauzer, V. P. Mayweg, and W. Hein- 
rich, J .  Am. Chem. Soc., 87, 5798 (1965). 
M. J. Bennett, M. Cowie, J. L. Martin, and J. Takats, 
J. Am. Chem. Soc., 95,7504 (1973). 
J. Dirand-Colin, L. Ricard, and R. Weiss, Inor,q. Chim. 
Acta, 18, L21 (1976). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



Mo-S BOND-STRENGTH BOND-LENGTH CURVES 169 

28. J. 1. Gelder, J .  H .  Enemark, G.  Wolterman, D .  A. Boston, 

29. T. Glowiak, M .  Sabat, H. Sabat, and M. F. Rudolf. SOC., 86, 3024 (1964). 

30. M. G. B. Drew and A. Kay, J .  Chem. SOC. ( A ) ,  1851 (1971). Chem., 7, 158 (1973). 
3 1 .  M. G. B. Drew and A. Kay, .I. Chem. Suc. ( A ) ,  1846 (1 971 ). 

32. J. R.  Knox and C. K. Prout, Acta C r p t . ,  B25, 1857 (1969). 
33. A. B. Bhke, F. A. Cotton, and J. S. Wood, J .  Am. Chem. 

34. J. Guillevic, 0. Bars, and D. Grandjean, J .  Solid Stute 

and G. P. Haight, J .  Am. Chem. Soc., 97, 1616 (1975). 

J.C.S. Chem. Comm., 712 (1975). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


